1. Introduction {#sec1}
===============

Threats to survival rapidly activate a generalized endocrine, autonomic, and behavioral stress response, which together increase the ability of an organism to withstand the physiologic and psychological threats encountered in life ([@bib28]; [@bib30]; [@bib46]; [@bib54]). Neural circuits activated by stress converge on the paraventricular nucleus of the hypothalamus (PVN), a key hypothalamic nucleus that receives multiple sources of afferent information about external threats and internal physiologic status, which are interpreted by the PVN and translated into outputs that control hormone release, adjust autonomic tone, and influence behaviors that together improve the likelihood of an organism\'s survival ([@bib2]; [@bib3]; [@bib7]; [@bib8]; [@bib56]). During initiation of the stress response, Corticotropin-Releasing Factor (CRF, also referred to as Corticotropin-Releasing Hormone or CRH; see [@bib10] for the International of Phamacology official nomenclature for the complete CRF receptor/ligand family) neurons in the PVN become highly active and release CRF peptide at the median eminence, which transits the portal system and signals pituitary corticotropes to release adrenocorticotropic hormone (ACTH) into the circulation ([@bib55]). ACTH, in turn, acts on adrenal cortical cells to elevate corticosteroid production (Cort; cortisol in humans and corticosterone in rodents), dramatically increasing the concentration of circulating Cort (in the range of 5--20 fold), the primary effector hormone of the Hypothalamic-Pituitary-Adrenal (HPA) axis. Elevated Cort impacts the function of nearly every cell and tissue in the body by activating glucocorticoid receptors (GR) and mineralocorticoid receptors (MR) that modify gene expression programs via direct binding to specific DNA sequences and recruitment of transcriptional complexes ([@bib1]; [@bib4]; [@bib18]; [@bib57]; [@bib58]). Cort signaling provides negative feedback to the HPA axis, in part, by downregulating CRF and ACTH expression, thereby decreasing HPA axis activity to prevent the deleterious effects of sustained Cort signaling ([@bib38]; [@bib44]; [@bib47]; [@bib52]). Negative feedback mechanisms also function to promote the process of stress recovery in which HPA axis activity and circulating Cort concentrations are normalized, and other physiological systems recruited during the stress response, relax, returning the body to a state of homeostasis ([@bib11]; [@bib32]; [@bib59]).

2. Synaptic negative feedback mechanisms function rapidly {#sec2}
=========================================================

Many mechanisms have been described in which the end product of the HPA axis, Cort, feeds back to limit HPA axis activity ([@bib38]; [@bib44]; [@bib47]; [@bib52]). However, Cort based negative feedback mechanisms act via GR or MR to modify gene expression at the timescale of transcriptional regulation, which functions in the hours to days following exposure to the stressor (Sapolsky et al., 2000). The stress response must include mechanisms capable of faster behavioral and physiological adjustments, which are required to avoid an active threat. For example during a predatory event, rapidly changing autonomic and behavioral states capable of quickly shifting during periods of hiding or running would improve the chances of successful escape from a predator ([@bib22]; [@bib61]). Faster timescale stress responses would be predicted to occur via synaptic mechanisms that act rapidly as physiologic demands change. Synaptic modulation of CRF neuron excitability has been postulated as a mechanism with the potential to impact both behavioral and endocrine features of the stress response rapidly [@bib13], [@bib12], [@bib31], [@bib33], [@bib50], [@bib51]) . Recurrent CRF-mediated synaptic modulation is one putative mechanism positioned to function rapidly to modulate CRF neuron excitability. Such mechanisms have been proposed because they are positioned to control CRF neuron excitability to regulate HPA axis hyperactivity, while concurrently adjusting behaviors and autonomic functions mediated by central actions of CRF neurons rapidly (J. P. [@bib11]; [@bib20]). However, the existence and nature of CRF-mediated, fast-acting synaptic feedback mechanisms that modulate CRF neuron excitability have remained ambiguous.

3. Identification of CRFR1 expressing neurons in the PVN {#sec3}
========================================================

One potential reason that few CRF mediated synaptic feedback mechanisms have been characterized is due to a problem that the field of CRF research has faced for years: the accurate identification of neurons that respond to CRF. As of 2019, almost 30 years after the first CRF receptor, CRFR1 was cloned ([@bib35]), antibodies that selectively recognize either of the two CRF receptors, CRFR1 or CRFR2 ([@bib21]; [@bib25]; [@bib34], [@bib35]), have not been successfully generated. To address the inability to easily identify CRF responsive neurons, we (N.J.), as a member of the Vale lab, generated a BAC transgenic mouse line that expresses GFP in neurons that express CRFR1 ([@bib19]). GFP expression in CRFR1 expressing neurons allows for the identification of CRF responsive cells with high sensitivity and resolution ([@bib19]). In addition, CRFR1-GFP mice have made available many standard techniques used to characterize neurons, allowing for the characterization of molecular, electrophysiological, and functional properties of multiple CRFR1+ cellular populations ([@bib9]; [@bib14]; [@bib15]; [@bib24]; [@bib40], [@bib41], [@bib42]).

One neural population we noticed in our first observations of CRFR1-GFP brain tissue was a population of GFP + neurons located within the PVN, amongst CRF neurons, which were perhaps overlooked previously because of relatively low CRFR1 expression in the PVN detected by *in situ* hybridization ([@bib19], Van Pett et al., 2000). The proximity of CRFR1-GFP + neurons to CRF neurons immediately suggested that CRF signaling occurs *within the PVN*, potentially functioning in the regulation of HPA axis activity. PVN CRFR1-GFP + cells do not express peptides or hormones that define other well-characterized PVN neural populations, including vasopressin (VP) or oxytocin (OT) in magnocellular neurons, or thyrotropin-releasing hormone (TRH) or CRF in parvocellular neurons. In addition, they do not label with systemically delivered fluorogold that identifies peripherally projecting cells that release peptides or hormones into the circulation ([@bib37]). We have yet to find any marker that positively labels CRFR1-GFP PVN neurons (with the exception of *Gad*, and *vGat* which are expressed by all GABAergic neurons), suggesting that we discovered a previously uncharacterized population of neurons in the PVN that express CRFR1, allowing them to respond to CRF ([@bib19]. [@bib37]; [@bib17]).

4. CRFR1 expression is regulated by Cort {#sec4}
========================================

The functional relevance of PVN CRFR1+ neurons in HPA axis regulation was first suggested when CRFR1-GFP transgenic expression was examined in mice mutant for *Crfr1* ([Fig. 1](#fig1){ref-type="fig"}). In *Crfr1* knockouts carrying the CRFR1-GFP transgene (CRFR1-gfp; *Crfr1* −/−), *GFP * + *neurons normally visible in the PVN were absent*, suggesting that either the neurons were not present, or that they had stopped expressing CRFR1-GFP ([Fig. 1](#fig1){ref-type="fig"}B; the global pattern of CRFR1-GFP expression in *Crfr1* mutants was largely unchanged). To test whether the absence of GFP + neurons in the PVN resulted from very low circulating Cort levels caused by *Crfr1* loss-of-function, we injected dexamethasone (Dex), a Glucocorticoid Receptor agonist, then sacrificed animals 24 h later. After Dex treatment*, GFP *+ *cells were again visible in the PVN*, indicating that Cort signaling drives CRFR1 expression in these neurons ([Fig. 1](#fig1){ref-type="fig"}C; [@bib37]). In adrenalectomized CRFR1- GFP mice, GFP expression was similarly absent in the PVN, and returned when animals were treated with Dex ([Fig. 1](#fig1){ref-type="fig"}B, C;[@bib37]). Together these observations indicate that CRFR1 expression is positively regulated by Cort in PVN CRFR1+ neurons, in contrast to the role of Cort to downregulate genes that drive HPA axis activity in many well characterized negative feedback mechanisms ([@bib20]; [@bib23]; [@bib29]; [@bib36]; [@bib45]; [@bib60]). Following the logic of homeostatic feedback where the end product of a pathway inhibits its own production, as Cort inhibits CRF and ACTH expression to limit HPA axis activity ([@bib20]; Kovacs and Mezey, 1987), positive CRFR1 regulation by Cort implies that PVN CRFR1 functions to inhibit HPA axis activity. We therefore hypothesized that PVN CRFR1 neurons are activated by local CRF release and make recurrent inhibitory synapses onto CRF neurons. In certain stress contexts, perhaps during persistent or intense stress exposure, hyperactive CRF neurons release CRF locally, activating surrounding CRFR1+ neurons and thereby increasing inhibitory tone onto CRF neurons. This mechanism of local CRF release and recurrent inhibition would function to prevent CRF neuron hyperexcitability and corresponding hyperactivity of the HPA axis ([Fig. 2](#fig2){ref-type="fig"}; [@bib17]; [@bib37]).Fig. 1**An intra-PVN CRF signaling microcircuit: CRFR1 expression is positively regulated by Cort.** (A) Under non-stressed conditions, CRFR1 expressing neurons neighbor CRF neurons in the PVN that activate the HPA axis, which controls adrenal Corticosteroids (Cort) via pituitary ACTH release. (B) In *Crfr1* mutant or adrenalectomized animals lacking Cort, PVN CRFR1 neurons stop expressing CRFR1 and GFP + neurons are absent in the PVN, suggesting that Cort positively regulates CRFR1 expression. (C) Restoring Cort signaling using the Glucocorticoid Receptor agonist, Dexamethasone (Dex) causes GFP + neurons to reappear in the PVN, indicating the re-expression of CRFR1-GFP. (D) Our working model suggests that CRF signals to CRFR1 neurons in a negative feedback microcircuit via intra-PVN CRF release, which activates recurrent inhibition by surrounding GABAergic CRFR1+ neurons. In basal stress contexts, the importance of this microcircuit in HPA axis regulation remains unclear. However, when Cort is experimentally removed (*Crfr1* −/−; or adx), PVN CRFR1 neurons stop expressing CRFR1, inactivating this mechanism limiting HPA axis activity, and interpreted as the suppression of one of many mechanisms invoked in low Cort conditions meant to restore HPA axis activity (e.g. CRF expression is dramatically increased in adx and *Crfr1* −/− mice). By contrast, in conditions of high stress and excessive CRF neuron activity, CRF is released within the PVN to activate CRF responsive GABAergic neurons (CRFR1+), elevating inhibitory tone onto CRF neurons and decreasing excitability. This feedback mechanism capable of adjusting CRF neuron activity functions to prevent excessive HPA axis activity acutely during responses to stress as well as during stress recovery. It also likely influences autonomic and behavioral stress response by controlling CRF neuron excitability.Fig. 1Fig. 2**Intra-PVN CRF signaling mediates local inhibition of CRF neurons.** CRF neurons (red) when active release CRF to initiate HPA axis activity. In certain contexts, CRF is also released within the PVN where it excites PVN CRFR1+ neurons (green) which send recurrent GABAergic synapses back onto CRF neurons thereby providing enhanced inhibitory tone in response to local CRF release (inset). PVN CRFR1 neurons also make bidirectional connections with other cell types in the PVN including magnocellular Oxytocin (OT) and Vasopressin (VP) neurons (blue), and pre-autonomic neurons (yellow), potentially functioning to coordinate signaling between distinct neuroendocrine and autonomic PVN outputs. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

5. CRF release activates CRFR1 neurons {#sec5}
======================================

Direct evidence for the existence and function of an intra-PVN CRF-mediated inhibitory microcircuit became possible with the invention of modern techniques that allow for the manipulation of genetically defined cell types. We generated a new CRFR1-Cre BAC transgenic mouse line and used viral delivery of probes to selectively manipulate CRFR1+ PVN neurons to demonstrate the existence of a CRF-mediated, intra-PVN inhibitory feedback microcircuit that regulates HPA axis activity (presented as a poster at the 2018 Neurobiology of Stress conference; [@bib17]). Evidence for this circuit relies on three independent experimental approaches: slice electrophysiology, neural circuit tracing, and loss-of-function manipulations. In a series of experiments using slice preparations from mice expressing fluorescent protein markers and optogenetic probes, we characterized the connectivity of the circuit. Using laser stimulated ChR2 activation of CRF neurons (10 ms pulses, \<1 mW) while recording from GFP + neurons in slice (*Crf- IRES-Cre (Huang);* CRFR1-GFP transgenic mice injected in the PVN with virus encoding Cre-dependent ChR2), 1--20 Hz stimulation resulted in the cell-autonomous elevation of recorded CRFR1-GFP + neuron activity, that was blocked by the CRFR1 selective antagonist, antalarmin. This demonstrates that CRF neurons release CRF *in the PVN* that signals to and activates neighboring CRFR1+ neuron, to our knowledge the first published demonstration of local CRF release by PVN CRF neurons ([Fig. 2](#fig2){ref-type="fig"}; [@bib17]). Interestingly, CRFR1 neurons do not increase activity within seconds of CRF neuron activation, but become depolarized and increase action potential firing frequency only after minutes of CRF neuron laser stimulation ([@bib17]). Furthermore, action potentials in CRFR1 neurons were not phase locked with laser pulses, suggesting that CRF neurons do not signal to CRFR1 neurons via fast synaptic neurotransmission ([@bib17]). Of the 80 CRFR1 neurons recorded from in the PVN, only one displayed synaptic currents within milliseconds of a laser pulses that would indicate the presence of a monosynaptic connection. Given studies that demonstrate PVN CRF neuron signaling in nearby nuclei via excitatory glutamatergic synapses ([@bib8]), we were surprised that CRF released from CRF neurons is the signal that increases the activity of PVN CRFR1 neurons, in the absence of excitatory synaptic neurotransmission ([@bib17]). Our interpretation of the current data is that CRF is released (either by axons or dendrites, or both) into the interstitial space of the PVN, close enough to diffuse and engage CRFR1 receptors within seconds to minutes. The nature of the site of cellular CRF release and the optimal optogenetic stimulus that evokes release have yet to be determined (see Remaining question a. below)."

6. CRFR1 neurons make GABAergic synapses onto CRF neurons {#sec6}
=========================================================

CRF dependent synaptic negative feedback on the HPA axis requires that CRFR1 neurons inhibit CRF neurons. In the most straightforward mechanism, this would be achieved by recurrent GABAergic synapses. To demonstrate the presence of this synapse, we optogenetically stimulated PVN CRFR1 neurons while recording from neighboring neurons in slice (*Crfr1-cre* mice PVN injected with Cre-dependent ChR2 expressing AAV). In this experiment, we did not have the tools to genetically define recorded post-synaptic neurons, so we used their electrophsiological properties to classify each neuron as parvocellular, magnocellular or pre-autonomic ([@bib26]; [@bib27]; [@bib48]; [@bib49]). Laser activation of CRFR1 neurons caused GABAergic currents \~2 ms after each laser pulse in individually recorded neighboring neurons. Currents were blocked by the GABAergic antagonist, bicuculline, providing evidence that CRFR1+ PVN neurons make GABAergic synapses with their neighbors ([@bib17]). Outward (inhibitory) currents in postsynaptic neurons were blocked by Tetrodotoxin (TTX, a voltage-gated sodium channel antagonist that blocks action potentials as well as synaptic release events). TTX blocked synaptic events were rescued by 4-AP (a non-selective voltage-dependent potassium channel antagonist which rescues Chr2 mediated monosynaptic events in the presence of TTX), demonstrating CRFR1 neurons make direct, monosynaptic GABAergic synapses onto neighboring neurons ([@bib17]). The most common neurons that received laser-evoked GABAergic synapses were parvocellular (\~50%), of which, we presume, the majority were CRF neurons ([@bib17]). However, we observed direct synapses with neighboring magnocellular neurons (\~15%) and pre-autonomic neurons (\~35%), indicating that CRFR1 neurons make synapses with other PVN cell types ([Fig. 2](#fig2){ref-type="fig"}; [@bib17]). Thus, the hypothesized microcircuit architecture was verified: activated CRF neurons release CRF in the PVN which excites nearby CRFR1 neurons, resulting in increased inhibitory synaptic signaling back onto CRF neurons ([@bib17]).

7. CRFR1+ PVN neurons are required to limit acute HPA axis activation and promote stress recovery {#sec7}
=================================================================================================

Demonstration of inhibitory feedback on HPA axis activity via intra-PVN CRF signaling was perhaps the most difficult aspect of the hypothesis to support with experimental evidence. In initial attempts to establish the functional relevance of intra-PVN CRF signaling in HPA axis regulation we mutated *Crfr1* selectively in PVN neurons (Sim1-Cre; *Crfr1* fl/fl) and assayed stress-induced Cort release. HPA axis phenotypes were identified, however they were present only after chronic stress (chronic social defeat), and not at baseline or during acute stress exposure ([@bib37]). To reveal the inhibitory function of ***CRFR1 neurons*** on HPA axis activity during acute stress, we deleted not only the *Crfr1* gene*,* but ablated the entire population of PVN CRFR1 neurons using Cre-Dependent expression of Diptheria Toxin Receptors (DTR; CRFR1-Cre mice PVN injected with AAV-DIO-DTR-GFP) followed by Diptheria toxin injection. In animals that lacked PVN CRFR1 neurons, we observed exaggerated HPA axis responses to acute stress exposure ([@bib17]). PVN CRFR1 neuron ablated animals displayed higher peak Cort levels at the 60 min timepoint of a 120 min immobilization stress. Moreover, 2 h after release from immobilization, Cort remained higher in CRFR1 neuron ablated animals, indicating a slower declination in circulating Cort concentration following release from immobilization (Jiang et al. 2018). Thus, CRFR1+ neurons are required to limit HPA axis activation during acute stress exposure, and also function to decrease HPA axis activity during stress recovery. This strongly supports the functional importance of intra-PVN CRF signaling. However, we have yet to determine the precise stress context in which CRF mediated inhibitory synaptic feedback is most relevant. We continue to search for the precise excitability state required to cause intra-PVN CRF release to invoke local inhibition by neighboring CRFR1 neurons.

8. Remaining questions {#sec8}
======================

8.1. What structure releases CRF onto CRFR1 neurons? {#sec8.1}
----------------------------------------------------

Electrophysiology and tracing experiments independently demonstrate connections and signaling between CRF and CRFR1 neurons in the PVN. However, when interpreted together these data present conflicting interpretations, hinting that exciting and atypical features may exist in this circuit. To clarify, in electrophysiologic experiments, optogenetic stimulation of CRF neurons activate surrounding CRFR1 neurons (via CRFR1) in the absence of fast synaptic transmission, demonstrating that CRF is the relevant signaling molecule. However, this data also indicates that fast synapses from CRF neurons onto CRFR1 neurons are extremely rare, or are not functional. In direct contrast to this finding, pseudotyped rabies viral tracing of CRFR1 neurons reveal abundant synaptic projections from CRF to CRFR1 neurons ([@bib17]). The infectious properties of rabies virus have been extensively characterized; rabies virus *only* transynaptically infects neurons at sites of synaptic contact, from the post-synaptic to the pre-synaptic neuron (retrograde direction; [@bib53]). Thus rabies virus in CRFR1 neurons infects CRF neurons at synaptic contacts that we do not detect in electrophysiological recordings. To explain this discrepancy, it is tempting to speculate that a synaptic structure allowing transsynaptic rabies infection is present, functioning as a "neuropeptide" synapse that does not release fast acting neurotransmitters. However, extensive examination by many independent groups using electron microscopy have never found clusters of large dense core vesicles containing CRF or other neuropeptides at sites of apposition in the PVN that would indicate the existence of a "neuropeptide synapse" (A Van der Pol, pers. comm). Another possible explanation is that fast synapses between CRF and CRFR1 neurons *do* exist, but are not activated by the optogenetic stimuli we used, or require additional signals (e.g. norepinephrine) to become active. Preliminary experiments testing this hypothesis have not supported the presence of a "silent" synapse between CRF and CRFR1 neurons. We are eager to find an explanation that solves this puzzle, with the hope that new and perhaps unprecedented facets of synaptic organization in the PVN will be revealed.

8.2. Do CRFR1+ neurons function to integrate PVN activity? {#sec8.2}
----------------------------------------------------------

In electrophysiological experiments, we observed other PVN cell types post-synaptic to CRFR1 neurons. Moreover, trans-synaptic tracing experiments indicate that CRFR1 neurons receive projections from most other cell types in the PVN. The largest percentage of PVN neurons that made mononsynpatic projections onto CRFR1 neurons were CRF neurons (\~25% of traced PVN neurons). Vasopressin neurons (\~20%), and Oxytocin neurons (\~10%) were also traced indicative of direct synapses onto PVN CRFR1 neurons. The presence of bi-directional connections with multiple cell types suggests that CRFR1+ PVN neurons signal with PVN neurons that control distinct PVN outputs, potentially relaying information regarding CRF neuron activity status to hormonal axes distinct from the HPA axis, rapidly relaying information regarding stress conditions to potentially impact hormonal release. We have also observed Oxytocin neurons expressing CRFR1 in certain reproductive contexts (N.J. unpublished observations), suggesting direct CRF signaling occurs between PVN resident neuroendocrine axes A clear direction forward in our research is the identification of specific requirements for intra-PVN CRF signaling to coordinate hormonal, autonomic and behavioral output of the PVN in both adaptive and maladaptive contexts.

8.3. Are CRFR1+ PVN neurons a homogenous neural population? {#sec8.3}
-----------------------------------------------------------

PVN CRFR1 neurons inhibit CRF neuron activity thereby limiting excitability to prevent HPA axis hyperactivity and drive stress recovery ([@bib17]). However, in experiments characterizing synaptic targets of CRFR1 neurons, we observed a substantial number of projection sites outside of the PVN ([@bib17]). These include well characterized PVN targets such as the Nucleus of the Solitary Tract (NTS) and Parabrachial Nucleus (PBn), both members of the stress responsive "Central Autonomic System" and well known mediators of autonomic control exerted by the PVN ([@bib43]). In addition, we observed projections to nuclei that were not known previously to receive PVN projections. One interesting example is an area in the septum/medial forebrain, where dense fields of presynaptic terminals originating from infected PVN CRFR1 neurons clustered in specific regions, labeled by expression of the presynaptic protein synaptophysin fused with RFP. We and other groups have now found that CRF and other PVN neuron subclasses project to forebrain targets where they directly modulate behavior ([@bib16]). Interestingly, PVN CRFR1 neurons within the PVN and in forebrain structures make GABAergic synapses ([@bib17]), while PVN CRFR1+ projections in the nucleus of solitary tract (NTS) are exclusively glutamatergic ([@bib17]), suggesting multiple independent populations of neurons. How additional functions for various sub-populations of PVN CRFR1 neurons relate to the role of CRF in organizing the stress response remains an open question.

9. Concluding remarks {#sec9}
=====================

Discovery and proof that CRFR1 bearing neurons exist in the PVN, and play functional roles in the regulation of the HPA axis, integration of PVN activity, and coordinating PVN output has developed as an idea over the course of the last 10 years, when we first observed these neurons in the CRFR1-GFP mouse ([@bib19]). In the course of these studies it has become clear that intra-PVN signaling via CRF has the potential to function in many roles of the PVN. In the following decade, we hope to define some of these functions, including, 1) the potentiation of autonomic signaling by projections of CRFR1 neurons to brainstem targets, 2) the behavioral relevance of newly discovered forebrain projections emanating from both CRFR1 and CRF neurons in the PVN, and 3) integration of CRF/stress signaling with distinct neuroendocrine axes (new findings indicate that the Oxytocin pathway is a unique target of CRF in postpartum females(N.J. unpublished data). Experiments are underway to interrogate each of these functions, with the hope that another decade does not pass before further functional capacities of CRF signaling in the PVN are defined.
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